The electronic properties and surface structures of K-doped graphene supported on Ir(111) are characterized as a function of temperature and coverage by combining low-energy electron diffraction, angle-resolved photoemission spectroscopy, and density functional theory (DFT) calculations. Deposition of K on graphene at room temperature (RT) yields a stable ( √ 3 × √ 3) R30°surface structure having an intrinsic electron doping that shifts the graphene Dirac point by E D = 1.30 eV below the Fermi level. Keeping the graphene substrate at 80 K during deposition generates instead a (2 × 2) phase, which is stable until full monolayer coverage. Further deposition of K followed by RT annealing develops a double-layer K-doped graphene that effectively doubles the K coverage and the related charge transfer, as well as maximizing the doping level (E D = 1.61 eV). The measured electron doping and the surface reconstructions are rationalized by DFT calculations. These indicate a large thermodynamic driving force for K intercalation below the graphene layer. The electron doping and Dirac point shifts calculated for the different structures are in agreement with the experimental measurements. In particular, the K 4s bands are shown to be sensitive to both the K intercalation and periodicity and are therefore suggested as a fingerprint for the location and ordering of the K dopants.
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I. INTRODUCTION
Exploiting the exceptional properties of graphene requires engineering its characteristic zero-gap semimetal electronic structure [1] . In particular, ever-increasing experimental efforts aim at tuning its optical and electronic properties in order to open a band gap, which underpins the development of devices based on novel nanoarchitectures [2] [3] [4] [5] . The electronic properties of graphene can be tuned by a controlled surface decoration with adatoms, heteroatoms [6] [7] [8] , or molecules [9, 10] . Alkali metal atoms represent very flexible systems for n-type doping graphene [11] . The appealing electronic structure obtained by alkali doping has already been studied for different carbon nanomaterials such as fibers [12] , carbon nanotubes [13] [14] [15] [16] [17] , graphite [18] [19] [20] , and graphene [11, [21] [22] [23] [24] [25] [26] . Since the chemical bonding between the C and alkali atoms is dominated by the electrostatics resulting from charge transfer effects, a rigid-band model is widely employed for doped C materials [19, [27] [28] [29] [30] . Within this model, the doping purely results in a Fermi level shift, i.e., in a band structure offset. In particular, for n-doping the C-related electronic band structure experiences a downshift to higher binding energies (BEs). This opens the possibility of exploring the region of the graphene band structure above the Dirac point by angle-resolved photoemission spectroscopy (ARPES) [19, 24, 25, 31, 32] . The partial ionization of alkali metals generates vertical dipoles, and their mutual repulsion contribute to the formation of regular patterns [20] , which are observed, for instance, by low-energy electron diffraction (LEED) technique. The most commonly observed stoichiometries obtained by depositing alkali-metal (M) atoms on graphitic surfaces are MC 6 and MC 8 (depending on M), which are related to the ( √ 3 × √ 3) R30°( √ 3 × √ 3 in the following) and (2 × 2) reconstructions with respect to the carbon (1 × 1) lattice, respectively [21, 24, 25, 27, 28, 30, [32] [33] [34] [35] . The formation of these regular patterns often emerges after overcoming a critical amount of alkali deposition on the surface. Potassium adsorbed on graphite suitably represents a case study in which the initial dispersed K phase, forming at low coverages (<0.1 monolayer [ML]), is continuously compressed as a function of adatom density until reaching a critical coverage (0.1-0.3 ML) that defines the coexistence of dispersed and close-packed (2 × 2) phases. The (2 × 2) configuration holds until an entire covering of the surface is obtained, which defines 1 ML coverage [27, 28, 36, 37] . Additional depositions result in disordered films [27, 28, 36, 37] , corresponding to multilayered coverages that in some cases were observed to form structures with ( √ 3 × √ 3) periodicity as a consequence of contaminants such as oxygen on the graphitic surface [28, 31, 38] .
In the specific case of potassium deposition on graphene, previous works reported on the adsorbed (2 × 2) periodicity, showing that a band structure with the Dirac cone downshifted at higher BE and the partially filled potassium K 4s states centered at the point of the Brillouin zone (BZ). This K 4s band is instead upshifted above the Fermi level when potassium is intercalated [21, 22, 39] . The charge carrier density related to the charge transfer from the alkali metal to graphene is proportional to the material's Fermi surface area [40] . In the rigid-band model, this and the corresponding doping level, i.e., the number of extra electrons (e) per C atom, can be directly related to the energy shift of the Dirac point (E D ) with respect to the Fermi level (E F ) [27, 28] . Both the electron doping and the charge transfer depend crucially on the adatom configurations and on the position of the alkali layer with respect to the carbon one: for example, Pan et al. reported the variation of E D from 1.35 eV to 0.82 eV for KC 8 or LiC 6 , respectively [34] . Furthermore, the charge carrier densities and the values of E D were reported to depend on the specific alkali dopant (KC 8 , CsC 8 , RbC 8 , NaC 8 , LiC 6 , CaC 6 ), and it was suggested that for quasi-free-standing supported graphene, the location of the dopant with respect to the interface (on top of graphene or at the substrate/graphene interface) influences largely the interlayer state's wave function [11, 23, 41] .
In the present paper, we measure the electronic and structural properties of potassium-doped graphene on iridium films, K-Gr/Ir(111), by ARPES and LEED. The electronic band structure evolution of Gr/Ir(111) under subsequent potassium deposition is presented at different substrate temperatures, i.e., room temperature (RT), T = 80 K, and after heating up to T = 360 K. The observed ( √ 3 × √ 3) and/or (2 × 2) LEED patterns are described in detail for each system in combination with photoemission spectra to correlate the periodicity to its respective doping level. We perform density functional theory (DFT) calculations to investigate the preferred location of alkali metal atoms with respect to the graphene sheet through a detailed thermodynamic analysis. We consider several geometric arrangements of the dopants on the graphene surface, differing in the periodicity and in the position with respect to the graphene layer, and we discuss their effect on the band structure of graphene and on the charge transfer. We conclude by exploring the experimental realization of double-side alkali doped graphene with both adsorbed and intercalated K. In this K-doped graphene sandwich architecture, the maximal doping is reached with E D = 1.61 eV and with a massive charge transfer that almost doubles the value of single-side doped graphene, as confirmed by the theoretical results.
II. METHODS

A. Experimental
Chemical vapor deposition (CVD) was used for graphene growth on iridium films Gr/Ir(111). The procedure details and the characterization of monolayer quality are reported in a previous paper [42] . Potassium was evaporated in situ from a well-degassed commercial SAES Getters dispenser keeping the pressure in the 10 −10 mbar range in the ultra-high vacuum (UHV) preparation chamber, directly connected to the analysis chamber. Since the temperature (T) is a key parameter to realize adsorption or intercalation of potassium atoms on the carbon lattice [27] , the sample was kept at RT or at T = 80 K while exposing the surface to subsequent potassium evaporation steps (duration of 5 minutes each, unless otherwise specified) starting from low coverages, upon reaching saturation, and overcoming monolayer coverage. We refer saturation to the stage at which no further shift of the Dirac cone is observed by ARPES and a clear reconstruction emerges in LEED. For the RT experiment, no annealing treatments were needed either to facilitate or to improve the intercalation process. In the low temperature case, the intercalation was instead achieved after a RT stage of 15 minutes following the last alkali deposition at T = 80 K. In both cases, potassium intercalates mainly through graphene step edges and grain boundaries as the graphene layer is homogeneous and almost defect-free, as shown by our previous scanning tunneling microscopy (STM) study [42] . The ARPES and LEED measurements were carried out at the BaDElPh beamline of the Elettra synchrotron in Trieste [43] . Using both horizontal (p) and vertical (s) polarized radiation and a photon energy of 34 eV, we followed the dispersion of π and σ states of graphene in the valence band by scanning the BZ along the K and M high symmetry directions and got access to the details of the regions of particular interest. The overall energy and angular resolutions were better than 50 meV and 0.3°, respectively. The Fermi surface was acquired by scanning the azimuthal angle of about 50°around the K point of the BZ with steps of 0.5°. The energy position of the Dirac point was obtained by fitting the momentum distribution curves (MDCs) of the ARPES images with Lorentzian line shape peaks and then applying, around the Dirac point, the linear regression analysis by using maximum-minimum slope best-fit lines to determine the final uncertainty in the stated value. The LEED patterns of potassium doped graphene on iridium films were collected by setting the electron beam energy at E = 75 eV and an incidence angle of 0°from the sample surface normal.
B. DFT calculations
All the DFT calculations presented in this paper employed the Perdew-Burke-Ernzerhof (PBE) exchange and correlation functional [44] and were performed using the PWscf code of the Quantum ESPRESSO package [45] . The Kohn-Sham equations were solved in periodic boundary conditions, describing the electron-ion interaction with ultrasoft Vanderbilt pseudopotentials [46] , and representing the valence electron wave function with a plane-waves basis set limited by a kinetic energy cutoff of 35 Ry (350 Ry for the charge density). All the calculations presented here are nonspin polarized since none of the systems under analysis has unpaired electrons. The long-range van der Waals (vdW) forces were explicitly included in the calculations by adding to the PBE functional the Grimme's semiempirical correction term (DFT-D2) [47] . The role of this correction on the electronic and structural properties of metal-supported graphene has been analyzed in a previous work [48] . Integrals in the BZ were calculated on a 14 × 14 × 1 (12 × 12 × 1) Monkhorst-Pack k-point grid for the 2 × 2 ( √ 3 × √ 3) cell, using a Gaussian smearing of 0.01 Ry. On larger unit cells, the k-point grid was rescaled accordingly. To visualize the atom projected band structure, we used the technique of resolving the projected density of states in the k-space, where the Kohn-Sham states, at every k-point, are projected on atomic states. For this purpose we performed nonself-consistent calculations using 39 (41) symmetry nonequivalent k-points along the -K -M -(M -K --K ) direction of the irreducible part of the BZ for the 2 × 2 ( √ 3 × √ 3) cell. Concerning the substrate modeling, capturing the ∼10% mismatch between the graphene and Ir(111) lattice parameters would require larger Gr(10 × 10)/Ir(9 × 9) computational supercells. With respect to the 2 × 2 and ( √ 3 × √ 3) cells, the Gr(10 × 10)/Ir(9 × 9) model would certainly provide a better description of the interlayer distance modulation as well as of the C-Ir interaction [49] . However, the dispersion of the electron states calculated in these supercells would be multiply folded in the corresponding primitive BZ and would make the comparison with ARPES measurement quite complicated. The postprocessing required to unfold the bands into the standard graphene BZ is known to be expensive and technically difficult [50] . To allow for a clearer comparison between the calculated band structure and the ARPES spectra, the Gr/Ir(111) system was simplified and was modeled with the 2 × 2 and ( √ 3 × √ 3) cells as a commensurate interface. Following previous works [32, 39, 51] , we fixed the lattice constant of bulk face-centered-cubic (fcc) Ir as 3.5Å (i.e., Ir is compressed by about 8%), resulting in a lattice constant of 2.47Å for both the Ir(111) surface and the graphene layer. The Gr/Ir(111) system was modeled with supercell slabs having lateral periodicities ranging from ( √ 3 × √ 3) to (4 × 4) and, along the direction perpendicular to the surface, comprising four Ir atomic layers, one graphene layer, and more than 15Å of vacuum. The symmetry-inequivalent carbon atoms of the graphene overlayer were placed above the top and hexagonal-close-packed (hcp) sites, respectively, of the Ir(111) surface. To model K-doped graphene, we placed a K atom above and/or below the center of a hexagonal carbon ring. Coverage effects were explored by considering mainly the ( √ 3 × √ 3) and (2 × 2) cases, but also the (2 √ 3 × 2 √ 3) and (4 × 4) periodicities were considered, as reported in the Supplemental Material [55] . A representative model used in the present paper is displayed in Fig. 1 . Following previous works [52] , the atomic coordinates of the graphene and K layers were relaxed, while the Ir atoms were fixed to their bulk lattice sites. Note that fixing the Ir atoms to their bulk sites has negligible effects on the electronic properties [32, 51] .
All the adsorption/intercalation energies (E b ) are calculated using the following energy difference,
where E Total and E (Gr/Ir) represent the total energies of the Gr/Ir system with and without potassium intercalated and/or adsorbed, while N K and E K represent the number of K atoms and the total energy of a K atom in the gas phase, respectively. The Gibbs's free energy of adsorption/intercalation was calculated using ab initio atomistic thermodynamics [53] . The thermodynamic stability of different periodicities of potassium is obtained by assuming the system to be in equilibrium with a reservoir of K atoms in gas phase. The free energy G (ads) of K adsorbed and/or intercalated at the Gr/Ir(111) substrate can be written as (see the Supplemental Material [55] for more details), where S is the surface area and μ K is the chemical potential of potassium. The temperature and pressure dependence of μ K is assumed to be that of an ideal gas.
III. RESULTS AND DISCUSSION
A. Potassium intercalation
We have initially followed the behavior of potassium deposited by steps on the sample kept at RT since intercalation is known to be favored for graphene and graphite under these conditions [5, 25, 32, 36, 37] . The ARPES images reported in Fig. 2(a) display the evolution of the Dirac cone, centered at the K point of the BZ (wave vector 1.7Å −1 ), from the pristine Gr/Ir(111) (I) and upon subsequent potassium depositions (II-VII). The two branches of the cone are disclosed by summing the photoemission data acquired in p and s polarization in order to identify the energy position of the Dirac point, which is roughly located at the Fermi level for the pristine sample [42] . Already after the first alkali metal depositions, the Dirac cone downshifts to higher BEs due to the charge transfer from K to C atoms. Differently doped Dirac cones are visible in the data [see Fig. 2 (a), II-VI], whose relative intensities change after each evaporation step, similar to the recent results reported for cesium doped graphene [25] . These intermediate multiple phases correspond to an inhomogeneous intercalation that ends up in a uniformly intercalated potassium layer when a single n-doped Dirac cone is observed [ Fig. 2(a) , VII]. Further K evaporation steps do not shift the Dirac energy anymore but weaken the cone intensity. In Fig. 2(b) , the measured LEED patterns are displayed for pristine graphene on iridium (left), showing the well-known moiré superstructure [42] , and for the potassium deposition steps IV (center) and VII (right). The intensity related to the initial moiré superstructure gradually decreases, and a ( √ 3 × √ 3) periodicity is discernible only when the saturation is attained, thus suggesting the achievement of potassium intercalation. We refer to this system as Gr/K( √ 3 × √ 3)/Ir, and, to our knowledge, only the (2 × 2) phase has been reported so far for K doped graphene [21, 22, 39, 54] . On the contrary, the ( √ 3 × √ 3) periodicity was observed for potassium doped graphite in early studies when more than 1 ML coverage was dosed at low temperature [31, 38] . Its appearance was justified by the presence of a contaminant, such as oxygen on the graphitic surface, that stabilizes the reconstruction [28, 31, 38] . Nevertheless this interpretation cannot be validated for our system since we never detected oxygen impurities on the pristine [42] and doped sample (see Fig. S1 and Fig. S2 in the Supplemental Material [55] ), and we demonstrate in the present paper the energetic preference for potassium to intercalate at RT in a ( √ 3 × √ 3) registry for the Gr/Ir system.
In Fig. 2(c) , we report the Fermi surface map acquired after the last alkali deposition step (VII). The number of extra electrons per C atom (n) is calculated from the ratio of the Fermi surface area to the area of the BZ [56, 57] . We found n = 0.041 ± 0.005 e per C atom with a doping inducing a maximal downshift of the Dirac cone of E D = 1.30 ± 0.05 eV for the Gr/K( √ 3 × √ 3)/Ir system.
B. Potassium adsorption and double-side configuration
Different results are obtained when potassium deposition is performed by keeping the sample at T = 80 K. In Fig. 3 , we report low temperature LEED images (a) and ARPES maps (b) acquired around the K point of the graphene BZ from pristine (I), potassium doped graphene after 10 minutes (II), and 20 minutes (III) of evaporation, and after a subsequent RT treatment (IV). In alkali doped samples, the LEED images show the presence of the moiré spots also all around the emerging (2 × 2) reconstruction. No alteration is obtained in the diffraction pattern when the amount of alkali atoms overcomes monolayer coverage except for a diffusive background increase [ Fig. 3(a) , from case II to III]. A downshifted Dirac cone with E D = 1.00 ± 0.03 eV is observed in the relative ARPES spectra with essentially a weakening of the cone intensity as a function of deposition [ Fig. 3(b) , II and III]. These observations suggest that potassium is adsorbed, with a (2 × 2) periodicity, on top of graphene when deposition is performed at T = 80 K, thus resulting in the K(2 × 2)/Gr/Ir system. The appearance of a dispersed 4s state of potassium (K 4s ) in ARPES around the point (see on graphene, as the partial ionization, due to incomplete depletion, encourages the interaction between adatoms from the neighboring cells, which induces the formation of metallic bonds [19, 23, 27, 31, 39] .
Once the sample is kept at RT for 15 minutes, the thermal energy increases the mobility by giving the adatoms the possibility to intercalate. The LEED does not display any moiré in the (2 × 2) reconstruction, and the diffusive background decreases [see Fig. 3(a) IV] . The ARPES data show the appearance of a well-defined Dirac cone, which is downshifted to the maximal value of E D = 1.61 ± 0.04 eV [ Fig. 3(b) , IV]. This is remarkably larger than the usual value of about 1.3 eV reported in literature for the (2 × 2) phase of potassiumdoped graphene [39, 54] . A similar E D of about 1.6 eV was recently reported by Pervan et al. for Li doped Gr/Ir(111) [26] and, previously, by McChesney et al. for Ca or Ca+K doped graphene on SiC(0001) [58] . We note here that, in agreement with previous works on K doped Gr/Ir [21, 22] , on Na adsorbed Gr/Ir [24] , and on Cs intercalated Gr/Ir [25] , we have not found any sign of restoring of the Ir surface state below E F and around the K point as instead recently reported for Gr/(1 × 1)Li/Ir(111) [26] and (10 × 10)Gr/(9 × 9)Cu/Ir(111) [59] . We speculate that this different behavior may rely on the different packaging of the alkaline metal. The following scenario thus depicts our system when it is kept at T = 80 K: At each deposition, potassium atoms do not have enough mobility to intercalate, and they remain on the cold surface of the sample; a charge transfer is initiated from potassium to the carbon atoms, and the repulsion between neighboring alkali ions induces an ordered (2 × 2) structure on top of the carbon lattice due to emerging vertical dipoles at the surface. Further K evaporation on the sample kept at 80 K does not modify the pattern, which is only weakened by an increasing background. As soon as the K atoms have the possibility to intercalate, thanks to the RT treatment, the LEED superstructure becomes clearly visible with no moiré spots, and in ARPES, E D reaches the maximal value of 1.61 eV corresponding to higher doping level. This is explained by a sandwich architecture formed by an intercalated potassium layer and the remaining (2 × 2) K overlayer. The periodicity of the intercalated layer is not clearly disclosed by LEED in Fig. 3(a) IV, where only the (2 × 2) reconstruction is visible. This result may be interpreted in terms of (i) an intercalated layer arranged also in a (2 × 2) periodicity or (ii) an amount of intercalated potassium, which is not dense enough to generate interaction with the consequent creation of a different ordered pattern. However, by an additional potassium deposition step, i.e., keeping the sample at T = 80 K, followed by the RT treatment, we were able to obtain an unambiguous K(2 × 2)/Gr/K( √ 3 × √ 3)/Ir configuration, see left columns in Fig. 4 . The free-electronlike parabolic K 4s state crossing the Fermi level is detected again at the point [ Fig. 4(a) , left], and the Dirac point is still located at 1.61 ± 0.04 eV in BE [ Fig. 4(b) , left]; however, now the reconstruction can be unraveled for both adsorbed and intercalated potassium since an enhanced (2 × 2) pattern is clearly superimposed on the ( √ 3 × √ 3) spots [ Fig. 4(c) , left]. For this potassium doped graphene sandwich architecture, the Fermi surface map is shown in Fig. 4(d) , left, and from its area we have calculated a charge transfer of n = 0.078 ± 0.005 e per C atom, almost twice the value obtained for the RT experiment on the Gr/K( √ 3 × √ 3)/Ir system.
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TABLE I. K q and C q represent the net charges on K and C atomic planes with respect to their formal charges in ( √ 3 × √ 3) and (2 × 2) systems calculated using a Bader charge analysis, while E b are the adsorption/intercalation energies of adatoms expressed in eV and calculated for all configurations, that is for adsorption and/or intercalation with respect to the graphene plane in both periodicities of K. The thermal stability of this double-side doped sample is then evaluated by heating to T = 360 K. After this treatment, in the photoemission map around point, the adsorptioninduced K 4s band is not visible anymore, while a folded Dirac cone band appears [ Fig. 4(a) , right], similar to the LiC 6 and CaC 6 systems [23, 60] Our DFT calculations provide complementary insights into the experimental measurements described above. We focused on the (2 × 2) and ( √ 3 × √ 3) periodicities, and for each of them we considered K adsorption (labeled as A) on the graphene surface, intercalation (I) at the Gr/Ir interface, as well as coexistence of K adsorption and intercalation (AI).
We have first quantified the charge accumulation(−)/depletion(+) of the K and C atoms in the different systems by Bader charge population analysis, as reported in Table I , where K q and C q represent the net charges on K and C atomic planes with respect to their formal charges in the two periodicities. By comparing the adsorbed and intercalated systems, this analysis confirms how intercalation induces strong charge depletion at the K atoms, while the charge on the C atoms is relatively unaffected by the actual A or I position of the K dopant. In agreement with experimental results, the charge on the C atom substantially increases (by a factor of two) only when the dopant is both above and below the graphene sheet (AI system) independently from the reconstruction. The adsorption/intercalation energies are reported in the third column of Table I for both periodicities. The data clearly show the energetic preference for intercalation with respect to adsorption, with an energy driving force of 0.56 eV and 0.34 eV for the ( √ 3 × √ 3) and (2 × 2) intercalated cases, respectively. The energy of adsorption is comparable for the two coverages, while the energy of intercalation is marginally larger (i.e., more stable) for the ( √ 3 × √ 3) periodicity, which is consistent with the experiment. Table I also reports the values of the AI case.
These values are used to estimate the surface free energy of adsorption/intercalation assuming that the system is in thermodynamic equilibrium with a reservoir of K atoms in the gas phase and having finite temperature and pressure. The calculated phase diagram is displayed in Fig. 5 , where the free energy is reported as a function of T for UHV conditions (pressure of 10 −11 mbar). Note that the present thermodynamic analysis addresses the free energy of the stable and metastable configurations and that the energy barriers separating these configurations are not included in this theory approach. The solid and dashed lines refer to the free energy of the (2 × 2) and ( √ 3 × √ 3) periodicities, respectively, while the colors indicate the position of the K atoms, intercalated I (red), adsorbed A (blue), or on both sides AI (green) of graphene. The calculated thermodynamics suggests the following. (i) At RT, the intercalated configuration with ( √ 3 × √ 3) periodicity has the lowest free energy, which is in good agreement with the LEED measurements at RT reported in Fig. 2(b) . We notice that at RT the energy difference between the most stable and the other competing structures is fairly small, of the order of 20 meVÅ 2 , which is within the error bar of the method, estimated to be around 30 meVÅ 2 .
(ii) At lower temperatures (e.g., at 80 K) and in the limit of 1 ML, the intercalated (I) configurations have lower energies with respect to the adsorbed (A) ones. With reference to the measurements at T = 80 K, the meaningful lines are however the adsorption (A) ones because, upon deposition, K will first adsorb on the graphene surface and will not diffuse to the more stable intercalated sites due to the limited mobility at this low T. It turns out that also at T = 80 K, the configuration with ( √ 3 × √ 3) periodicity has the lowest free energy, in contrast to the experimental observation that the preferred structure under these conditions has a (2 × 2) periodicity [ Fig. 3(a) ]. Also in this case, the free energy difference between the (2 × 2)A and ( √ 3 × √ 3)A systems is very small (< 20 meVÅ 2 ), hence we conclude that this theoretical analysis cannot be used to predict accurately the thermodynamic preference between these two competing ordered structures since their surface-free energies differ by less than the error bar we have in our calculations. (iii) At RT and in the excess of 1 ML, the calculations predict the formation of a double-side K-doped graphene, in which the K is both adsorbed and intercalated (AI), in agreement with the experimental findings. Between the (2 × 2)AI and ( √ 3 × √ 3)AI configurations considered in the calculations, the latter is lower in energy, and in this case the energetic preference for the ( √ 3 × √ 3)AI structure is quite large (∼50 meVÅ 2 ). We note that simulating systems with different K periodicities on opposite sides of graphene, such as the mixed (2 × 2)A/( √ 3 × √ 3)I system, would require exceedingly large unit cells. (iv) Finally, at higher temperatures (e.g., T = 360 K), the ( √ 3 × √ 3)I periodicity is energetically favored, as experimentally found in Fig. 4(c) .
We have then focused our analysis on the atom-projected electronic band structure as a function of K doping, as displayed in Fig. 6 and plotted along the high-symmetry lines of the ( √ 3 × √ 3) and (2 × 2) supercells (depicted by blue and red dotted lines, respectively). We concentrate on potassium and graphene states, hence the electron states related to the metal substrate are shown as pale brown dots for clarity. The main goal of these band structure simulations is to illustrate how the relative energy of the K and C electron states depends on the position and coverage of the K adsorbates. To this end, as explained in the method section, the use of the small ( √ 3 × √ 3) and (2 × 2) supercells is more convenient than the C(10 × 10)/Ir(9 × 9) one, where the calculated bands would be multiply folded, making it difficult to recognize the usual dispersion of the graphene electron states (i.e., Dirac cone). Due to the supercells' BZ folding, the Dirac cone falls at the and K symmetry points of the ( √ 3 × √ 3) and (2 × 2) supercells, respectively. A scheme relating the high symmetry points of these BZ supercells with that of the primitive (1 × 1) graphene cell is included in the same figure (right panel). It is evident that both the location of the K atoms and their periodic arrangements induce considerable changes in the electronic band structure. With respect to the pristine Gr/Ir(111) system, the K adsorption and intercalation affect the relative energy and symmetry of both the graphene π − π * (black symbols) and K 4s (blue symbols) bands.
The K-derived electron states (blue symbols in Fig. 6 ) provide a clear fingerprint of the location and arrangement of the K dopants. Potassium adsorption leads to partial ionization and to the persistence of a metallic bonding in the ( √ 3 × √ 3) and (2 × 2) reconstructions. In both these cases, the Fermi level crosses the K 4s bands, which display a free-electronlike parabolic shape, but the periodicity of the K layer and its relationship with the underneath graphene symmetry determines the relative position of the K 4s states with respect to the Dirac cone in the graphene BZ. In the ( √ 3 × √ 3) arrangements, the K 4s parabola is centered on the Dirac cone (K point of the primitive graphene BZ), while it is centered on the point in the (2 × 2) K arrangement. The strong interaction of the intercalated K atoms with the metal support yields a charge transfer of about one electron per K atom to the metal. This leads to ionization and full depletion of the 4s states, which are pushed above the Fermi level by more than 1 eV. These results confirm that the intercalation is experimentally achieved in the ( √ 3 × √ 3) arrangement at RT, as reported in Fig. 2 , since the potassium states are not detected below the Fermi level at the K point. They are also consistent with a (2 × 2) periodicity adsorbed on graphene for the low temperature experiment as potassium states are individuated around the point in ARPES spectra [ Fig. 4(a) , left].
The changes of the Fermi energy due to the electron doping are directly related to the charge analysis described above. The Dirac cone energy shifts (see Table S1 in the Supplemental Material [55] ) correlate with the values of the C charge reported in Table I , and, in general, the denser ( √ 3 × √ 3) coverage leads to larger shifts than the (2 × 2) periodicity. The ( √ 3 × √ 3)I systems displays the largest shift of 1.25 eV, which is compatible with the measured 1.30 eV value in the experiments at RT [ Fig. 2(a) , VII]. The (2 × 2)A system, relevant for the T = 80 K measurements, displays a smaller shift of 1.1 eV, consistent with the data of Fig. 3(b) II and III. Finally, when K is present on both sides of the graphene sheet, a significant larger energy shift of the Dirac cone is calculated up to 1.5 eV for the ( √ 3 × √ 3)AI configuration (see Table S1 in the Supplemental Material [55] ), which is comparable with the experimental value of 1.61 eV. However, for the ( √ 3 × √ 3)AI configuration, we should expect the potassium state crossing the Dirac cone at K point (Fig. 6 ) and a diffraction pattern showing only a ( √ 3 × √ 3) reconstruction. Nevertheless, from the experimental data described in Fig. 4 , left, we have seen that for maximal doping the diffraction pattern exhibits both the ( √ 3 × √ 3) and the (2 × 2) periodicities. Moreover, the parabolic K 4s band appears around the point, which is associated to the (2 × 2) arrangement for adsorption or adsorption plus intercalation configurations (Fig. 6) . Therefore, only the mixed case, where ( √ 3 × √ 3)I and (2 × 2)A periodicities surround the graphene sheet, is compatible with our experimental results. Simulating this mixed ( √ 3 × √ 3)I/(2 × 2)A system would require using larger supercells (i.e., 6 × 6). The electron states computed in these supercells would present a multiply folded band structure that would hinder the comparison with the ARPES. We note that the use of the ( √ 3 × √ 3) and (2 × 2) supercells together with the DFT-D2 functional slightly overbinds Gr to the Ir surface, which results in a smaller interlayer distance (3.15 A) with respect to 3.27-3.62Å obtained with the C(10 × 10)/Ir(9 × 9) and vdW-DF computational setup. This leads to the opening of pseudogaps in the band structure of the pristine Gr/Ir and K/Gr/Ir systems. As displayed in Figs. S5 and S6 in the Supplemental Material [55] , such features are very sensitive to small changes in the interlayer distances. Increasing the Gr/Ir distance by 0.1-0.2Å closes these pseudogaps and recovers the agreement with band structures calculated in larger C(10 × 10)/Ir(9 × 9) computational setups [61] .
IV. CONCLUSION
In the present paper, we reported on potassium doped graphene supported by Ir(111), showing that by controlling the substrate temperature during K evaporation it is possible to handle different periodicities, (2 × 2) or ( √ 3 × √ 3), and to achieve a mixed configuration including adsorption (KC 8 ) and intercalation (KC 6 ) with respect to the graphene plane. The combination of ARPES and LEED measurements showed that at RT potassium atoms are characterized by high mobility and that they intercalate between graphene and the Ir substrate forming Gr/K( √ 3 × √ 3)/Ir, as demonstrated by the disappearance of moiré reconstruction in LEED and as confirmed by DFT calculations, which indicate a large thermodynamic driving force for intercalation. The measured charge transfer from K to C atoms was n = 0.041 e per C atom, and the measured Dirac cone downshift, corresponding to an energy position of E D = 1.30 eV, matched closely the calculated value of 1.25 eV. For deposition performed at T = 80 K, the Dirac point was located at E D = 1 eV, in good agreement with the calculated downshift of 1.1 eV. In parallel, a (2 × 2) reconstruction with moiré superstructure appeared in LEED, thus establishing that the ordered phase was adsorbed and not intercalated, i.e., K(2 × 2)/Gr/Ir, as confirmed also by the appearance of K 4s states around the point in photoemission spectra. No substantial modifications were observed in the (2 × 2) diffraction pattern, and in the doping level when a K coverage exceeding monolayer was deposited, the exclusive effect was an increase in the background signal intensity. Once the sample experienced the RT annealing, the K intercalation was facilitated revealing a higher doping level with E D = 1.61 eV and a massive charge transfer of n = 0.078 e per C atom, almost twice the value obtained for the RT case. Our simulations showed that such a large shift of the Dirac point is possible only when an intercalated and an adsorbed layer of K atoms coexist, and besides, our experiments indicated that the adsorbed layer has a (2 × 2) periodicity while the intercalated layer displays a ( √ 3 × √ 3) reconstruction. Only the intercalated ( √ 3 × √ 3) periodicity remained after the sample was heated to T = 360 K, in agreement with the stability calculations performed by DFT. This analysis also showed that the K 4s band is sensitive both to the position of the K layer and to its periodic arrangement. Intercalation of K leads to complete ionization of the K atoms, resulting in a shift of the K 4s band over the Fermi level, while adsorption results in incomplete ionization and a partially filled band. The minimum of the 4s band coincides with the location of the Dirac point in the case of the ( √ 3 × √ 3) periodicity, while this is not the case for the (2 × 2) periodicity. Therefore, the K 4s band can be used as an indicator to determine the periodicity and location of the K layers.
